This review covers energy harvesting technologies associated with piezoelectric materials along with the sub-classes of pyroelectrics and ferroelectrics. These properties are often present in the same material, providing the intriguing prospect of a material that can harvest energy from multiple sources including vibration, thermal fluctuations and light.
Introduction
Energy harvesting continues to receive both industrial and academic interest since it provides a route for the realisation of autonomous and self-powered low-power electronic devices, e.g. for wireless sensor networks or consumable electronics. An excellent commercial example is the recent system developed by Perpetuum which converts the vibration of rolling stock into electrical power for the wireless communication of sensors that predict the failure of rail wheel bearings [1] .
The ability to deliver sustainable power to a wireless system network by energy harvesting is attractive not only because of the cost of batteries; it also removes the additional time and cost that is necessary to replace and maintain the batteries and the labour required to install complex wired systems. This is particularly relevant to the installation of sensor networks in areas that are either inhospitable or difficult to reach; this includes safety-monitoring devices
[1], structure-embedded micro-sensors and medical implants. There are also environmental benefits associated with limiting the disposal of batteries.
Energy harvesting devices therefore provide a 'battery-less' solution by scavenging energy from ambient energy sources such as vibrations, heat, light, water etc., and converting it into a useable form, often electrical power [2] . While the energy harvesting technologies are continuously improving there are also similar advances in microprocessor technology leading to an increase in power efficiency and reduced power consumption. Local electrical energy storage solutions are also improving, for example the development of supercapacitors [3] and even 'structural power' [4] . It is this convergence of technologies that will ultimately lead to successful energy harvesting products and systems.
As a result of its topical nature, there are already a number of excellent reviews in the area of energy harvesting, which often concentrate on nano-scale materials and devices ('nanogenerators') [5] [6] [7] [8] [9] [10] [11] [12] [13] or surveys of the various potential devices and systems [14] [15] [16] [17] [18] [19] . The aim of this review is to provide an overview of the energy harvesting technologies associated with the family of 'piezoelectric' materials along with its sub-classes of 'pyroelectrics' and 'ferroelectrics'. These materials are particularly attractive for a number of energy harvesting applications.
This includes the potential to convert mechanical vibrations into electrical energy via the direct piezoelectric effect, the conversion of thermal fluctuations into electrical energy via the pyroelectric effect and finally the exciting prospect of using the internal electric fields present in ferroelectrics or strained piezoelectric materials to influence electron-hole recombination in solar-cell devices or chemical reactions, such as water-splitting. Figure 1 shows the relationships between these materials in that all ferroelectrics are both pyroelectric and piezoelectric and all pyroelectrics are piezoelectric. Since these properties are, in many cases, present in the same material, it provides the intriguing prospect of a material that can harvest energy from multiple sources including vibration, thermal fluctuations and light.
Piezoelectric Mechanical Energy Harvesters
Mechanical energy harvesting converts energy from movement or vibration into electrical energy. There are a wide variety of sources of mechanical energy including vibrations from industrial machinery and transport [1] , fluid flow such as air movements [20] [21] , direct human action from walking [22] , or in-body motion such as chest and heart movement to power pacemakers [23] and orthopaedic implants [22] . Many of these sources are also used for large scale power generation e.g. wind power, but energy harvesting technologies are mainly focussed on very small scale power generation at the point of use, typically to power small electronic devices where mains or battery power does not provide a viable or convenient solution.
In general there are two main ways of extracting energy from a mechanical source, described in this review as inertial and kinematic.
Inertial energy harvesting relies on the resistance to acceleration of a mass. This creates a force in a mass-spring system when the source (the base) is moved. These systems are widely used for vibration harvesting and are connected to the base at a single point. When the base moves a vibration is set up in the mass-spring system, from which electrical energy can be extracted. The amplitude of the vibration is not simply related to the base amplitude since the vibration amplitude of a system at resonance can be significantly larger than the amplitude of the base movement.
Kinematic energy harvesting directly couples the energy harvester to the relative movement of different parts of the source. Examples include harvesting energy from the bending of a tyre wall to monitor type pressure [24] , or the flexing and extension of limbs to power mobile communications [25] . Kinematic energy harvesting mechanisms do not rely on inertia or resonance. Since the strain in the harvester is directly coupled to a flexing or extension of the source, they are connected at more than one point.
An electro-mechanical energy harvester extracts energy from the motion of a source and converts it to electrical energy that is delivered to a load as shown in Figure 2 .
Figure 2: Schematic diagram of an energy harvesting system
To best understand the operation of an energy harvester, it is useful to know:
i.
the characteristics of the energy source,
ii. the way in which energy is transferred from the source to the energy harvester
iii. the electromechanical conversion in the energy harvesting transducer, iv. how the energy is transferred from the energy harvester to the electrical load.
Losses can be incurred, not just within the energy harvesting transducer [26] , but at all stages in this process. It is clear that the effectiveness of the transducer is not the only factor, and that performance can be dominated by losses in the transfer of energy across these system boundaries.
For vibration energy harvesting, the simplest vibration source is a single frequency sinusoid which is characterised by its frequency and amplitude. The amplitude is most commonly defined by the acceleration, but could equally be defined by the velocity or the displacement as these are simply related through the frequency:
where , , are acceleration, velocity and distance respectively, is the frequency and is time. Of course, most real vibration sources are not clean sinusoids, but there are many sources e.g. machinery operating at a.c. mains frequency which have a strong frequency component at a frequency accessible to energy harvesting devices. Typical vibration sources with an identifiable peak have been characterised [27] by their amplitude at their fundamental mode, producing figures such as 3 ms -2 at 13 Hz for a car instrument panel.
However, many vibration sources cannot be meaningfully characterised in this way. There are some useful sources of typical vibration profiles [28] [29] but as yet no methods for characterising generic or reference vibration profiles or applying them to assess energy harvester performance. For this reason energy harvester performance in complex vibrational environments must largely be evaluated empirically.
There are numerous technologies for using motion to generate electrical power.
Electromagnetic generators are a well-established means of converting mechanical to electrical energy and have been deployed successfully for vibration energy harvesting [1].
These technologies use established manufacturing and engineering methods and are effective both in terms of cost and performance at sizes from a few cm 3 upwards. However, performance and manufacturability decline rapidly at smaller length scales, so the technology is generally unsuitable for small scale energy harvesting applications (<1 cm 3 or less). Piezoelectric materials provide solid state conversion between electrical and mechanical energy and can be manufactured at small scales and integrated into micro-scale devices or even electronic circuits. Power density for piezoelectric transduction exceeds that for electromagnetic generators below around 0.5 cm 3 [30] .
A piezoelectric material undergoes a change in electrical polarisation when a mechanical stress is applied. This can induce an electrical current in an external circuit and therefore be used as an electromechanical generator. To produce electrical energy the piezoelectric material must be able to generate both charge and voltage. Most piezoelectric materials of technological importance for energy harvesting possess a well-defined polar axis, and the energy harvesting performance depends on the direction of the applied strain relative to this polar axis. In a piezoelectric ceramic or ferroelectric polymer the polar axis is the poling direction, whilst for non-ferroelectric crystalline materials such as zinc oxide (ZnO) or aluminium nitride (AlN) this is defined by the crystal orientation. In these cases, the polar axis is referred to as the '3' direction. By symmetry all directions in the plane at right angles to the polar axis are equivalent and are referred to as the '1' direction; this is typical for most ceramic piezoelectrics. A stress can be applied either in the direction of the polar axis, or at right angles to it, resulting in two configurations commonly used for piezoelectric generators, termed '33' and '31' in Figure 3 . Other configurations are possible, and the situation is more complex for materials with lower symmetry, but these two configurations cover most situations of practical piezoelectric energy harvesters.
Maximum energy per cycle:
Maximum energy per cycle: The energy harvesting performance is directly related to the piezoelectric coefficients, but the applied stress or strain is also an important factor. This is why the coupling between the mechanical source and the piezoelectric material is a critical factor in determining the energy harvesting performance. The energy output also depends on the ability of the piezoelectric material to sustain an applied force or to repeatedly undergo a recoverable strain. It is particularly important for kinematic energy harvesters; it is these limits in the strength and elasticity of the materials that may be the dominant factors in energy harvesting performance rather than just the piezoelectric coefficients.
Piezoelectric vibration harvesters exploit the same piezoelectric properties, but the strain in the piezoelectric material is created by the inertia of a suspended mass undergoing acceleration, rather than being directly deformed by the source. Again, there are many ways of achieving this coupling, but perhaps one of the most common is the piezoelectric cantilever ( Figure 4 ).
Figure 4: Schematic diagram of piezoelectric cantilever vibration harvester
The cantilever is clamped at one end (the root) to the vibration source. A mass is fixed to the other end. When the base accelerates, the inertia of the tip mass bends the cantilever.
Simple bending a piezoelectric element creates equal and opposite strains on the inside and outside of the bend. These cancel, so no net current is generated. To be effective as a generator it is necessary to move the piezoelectric layer away from the neutral axis. This is usually accomplished either by fixing the piezoelectric material to a non-piezoelectric elastic layer, or by joining two piezoelectric layers poled in opposite directions. These are referred to as unimorph of bimorph configurations as shown in Figure 5 . These devices are usually operated at or close to resonance, where the amplitude of the tip oscillation is only limited by the losses from the mechanical system resulting from the energy harvested as well as internal and external losses due to friction, internal electrical losses and air damping. This means that the most effective energy harvester does not necessarily employ the material with the highest piezoelectric coefficients. Lead zirconate titanate (PZT) ceramic is one of the most widely used piezoelectric materials and is obtainable in a range of compositions from "hard" materials which have low losses but small piezoelectric coupling, through to "soft" materials with much higher piezoelectric coupling, but also much higher losses (Table 1 shows some data for these materials). Some studies have shown that the hard materials with much smaller piezoelectric coefficients can produce larger power output than soft materials [31] . However, this depends on the magnitude of the electrical power harvested compared to other sources of loss i.e. the efficiency, and for many systems nonharvested losses dominate. In this case a strong coupling would be most effective. This demonstrates the importance of efficiency, not only in controlling the loading of the source, but also in optimising power output and material selection. Piezoelectric energy harvesters do not operate under the same thermodynamic constraints as thermal converters and, in theory, the efficiency of conversion could reach 100% [32] . In practice the losses are usually significantly bigger than the energy converted, and efficiencies of 20% are more typical [33] .
In some cases the mechanical source is not an infinite supply, and the harvesting of energy damps the vibration producing it. In these cases, one can only hope to extract at most the power available from the source and this is best done with a high efficiency, low loss harvester.
Loss mechanisms can be quite subtle. Air friction and losses associated with the clamping arrangements can be significant. Internal losses due to ferroelastic hysteresis and inelastic behaviour at joints and interfaces can also contribute. Electrical losses can occur internally even before any energy is transferred to the load. These are due to capacitive loading of regions of the piezoelectric element that are not being strained significantly; charge flows from the high strain regions to the low strain regions resulting in loss. The tip of the cantilever is only subjected to a small strain, so concentrating the piezoelectric material towards the root provides the most effective use of material. A recent study showed that for a rectangular cantilever, a piezoelectric coverage of exactly 2/3 of the beam area produced the maximum power output [26] . Positioning the piezoelectric material under the clamp can also significantly increase losses. It should therefore be avoided, although thinning of the structure at the root can reduce stiffness and cause the maximum strain to be developed away from the piezoelectric region and thus reducing overall effectiveness. Optimisation methodologies can be used to maximise harvester performance and will be discussed later in the review.
Since the maximum oscillation amplitude in a resonant device is determined by the losses, an efficient device could produce very large amplitude oscillations resulting in damage to the device. This means that a practical constraint of the power output of a resonant energy harvester may well be determined by material strength and reliability considerations rather than piezoelectric coefficients.
One of the main limitations of a resonant harvester is that the power output decreases rapidly away from the resonant frequency [34] . This means that they are only effective in a situation where there is a large component of vibration amplitude at or near to the resonant frequency. To overcome this limitation a number of strategies have been pursued to increase the bandwidth [35] [36], including tuneable resonators, multi-frequency arrays, and non-linear oscillators. Non-linearity is often introduced by engineering two stable states (bistability). Above a specific amplitude the system can switch between the two states in a highly non-linear, non-resonant and chaotic manner. This lack of a well-defined resonant frequency means that the device is effective across a wider frequency range. A recent study of the use of a non-linear piezoelectric harvester to power a heart pacemaker [37] showed that the device was effective from 7 beats per minute to 700 beats per minute. The pacemaker harvester used opposing permanent magnets to create the bistability. Recent reviews on bistable harvesting [38] [39] have classified the potential methods to induce bistability, such as employing magnetic attraction or repulsion on cantilever structures and imparting mechanical bistability into a piezoelectric structure, for example by engineering asymmetric composite laminates supporting the piezoelectric [40] , as in Figure 6 . It was stated earlier that an important advantage of piezoelectric materials for energy harvesting was in their scalability to small device size. Integrating the piezoelectric element with silicon electronics using MEMS (Micro-Electro-Mechanical System) fabrication methods offers the promise of low cost high volume self-powered electronic devices and much work has gone into developing devices and processes to make this possible [30] . High performance piezoelectric materials such as PZT can present problems with regard to process compatibility, but significant progress has been made in integrating CMOS compatible materials such as AlN. Although the piezoelectric coefficients of AlN are lower than those of PZT (see Table 1 ), Elfrink et al. [41] demonstrated that the piezoelectric coupling compared more favourably due to its low dielectric constant and it is also a lead free alternative [42] . Microgen recently announced that they would begin commercial scale production of AlN based piezoelectric MEMS energy harvesters in 2013 [43] . Effective microscale development requires measurement techniques for measuring piezoelectric performance at the scale of interest, so recent work has developed MEMS metrology devices to measure piezoelectric performance at the micro-scale, potentially in-situ or in production [44] .
As well as efforts to develop small scale piezoelectric harvesters, there is also strong research interest in developing nanostructured materials to provide novel energy harvesting devices and routes to production [5] techniques for nano-generators has shown that, in common with the inertial vibration harvesters described above, the output power is dependent on the electrical load, and that the power delivered to the load, averaged over multiple loading cycles, will be smaller than the instantaneous peak power [48] and dependent on the source of excitation. The ability to produce a material that is both functional and manufactured through low cost and energy efficient processes is valuable when considering the development of a new energy harvesting system. When compared with a number of materials such as PZT there are clear environmental benefits. However, since ZnO is non-ferroelectric its piezoelectric coefficients Table 1 ). Computational investigation of size effects in ZnO nanowires have shown that piezoelectric properties may be enhanced as the diameter of the nanorods is reduced below around 1.5 nm [49] , although current growth methods produce nanorods with diameters in the range 10-100 nm [50] . Experiments have also shown a possible increase the piezoelectric effect in GaN nanowires compared to bulk [51] while nano-scale ferroelectrics have been recently reviewed by Varghese et al. [52] .
The operation of piezoelectric materials to enhance energy conversion from a variety of natural sources relies on the development of the piezoelectric potential through strain in the material. As piezoelectrics, and indeed ferroelectrics, can be treated as semi-conductors that can sustain a crystal dipole there is an intimate relationship between the semi-conductor properties of the material and any device behaviour resulting from a strain. This relationship has long been understood for piezoelectric materials with early reports correctly identifying barrier height changes in III-V structures [53] and strain induced piezoelectric effects in GaN optoelectronic devices [54] . These reports have led to a variety of devices being produced that exploit these relationships for a range of piezoelectric materials. The development of such devices has rapidly come to maturity and there are now a large number of applications where the piezoelectric, or ferroelectric nature, of a device is harnessed to generate energy under a controlled environment [48] . There is also now growing evidence that ferroelectric materials, such as BaTiO 3 , LiNbO 3 and PbZr x Ti 1-x O 3 are true semi-conductors. For example, undoped PZT is a wide band gap semiconductor with a band gap of between 2.6eV and 3.5eV [55] . The material also exhibits p type conductivity due to the presence of low valence impurities substituting for higher valence Pb ions. This causes A-site (Pb ion) vacancies to act as electron acceptors, leading to the production of holes [56] . The behaviour is modified due to the non-centrosymmetric crystal structure and that this can be used to enhance a number of interesting device and materials performance parameters, such as photo-voltaic performance or photochemical yield.
High-temperature harvesting
A considerable amount of research has concentrated on vibration harvesting at ambient temperatures since one motivation is to power low-power electronic devices and wireless systems. However there are a number of applications, such as power, transport or oil/gas/space exploration, where there is a need to operate at higher temperatures. As an example, temperatures up to 600°C are widely encountered in engines of different types and industrial processes.
In terms of the piezoelectric material for high temperature energy harvesting many ferroelectric materials are characterised by a Curie temperature below 600 °C. For example,
PZT based ferroelectrics have a Curie temperatures below 400ºC and gradual reduction in power with temperature up to 150°C has been reported for soft PZT harvesters [57] . Comyn et al. [58] have recently processed bismuth ferrite based polycrystalline ceramics with Curie temperatures up to 650°C and bismuth titanate, another ferroelectric, has been shown to be stable up to 500°C and has been considered as a potential material for use at the ambient temperature of Venus (460°C) [59] .
In addition to ferroelectrics, wide band gap materials with wurtzite structures are of interest.
GaN is a potential piezoelectric material that exhibits the semiconductor and piezoelectric properties that is advantageous for the realization of high temperature harvesting. While the piezoelectric coefficients are not as high as ferroelectrics (compare GaN with the PZTs in Table 1 ), GaN nanowires have demonstrated high piezoelectric coefficients [51] and piezoelectric sensors based on GaN have been reported [60] . For interest, piezoelectric data for nanowires (NW) have been included in Table 1 for comparison with the bulk material.
Due to their wide band gap, these materials are expected to operate in a broad temperature range and retain low conductivity, and being semiconductor has the potential to integrate with device electronics associated with the energy harvester. In terms of device electronics, the relatively narrow band gap of silicon results in device functionality being degraded at ~ 350 -400°C as the intrinsic densities of electrons and holes become significant compared with doping densities. The use of wide band gap materials, such as GaN or silicon carbide (SiC), is one possible solution for harvesting in hostile environments [61] .
Another potential high temperature material is AlN which, like GaN, has a wurtzite structure and does not exhibit a phase transition on heating and has a melting point of 2000ºC [62] and c-axis orientated thin films of AlN have been used in high temperature transducers [63] .
Piezoelectric activity in AlN has been reported at temperatures as high as 1150ºC and the material also has low electrical conductivity owing to its large band gap. AlN can be used at low oxygen partial pressures, an advantage if the transducer must operate under reducing conditions to prevent oxidation of packaging.
Lithium niobate (LiNbO 3 ) is another option for high temperature piezoelectric actuation and has been considered for high temperature actuation and sensing in harsh environments for applications such as ultrasonic drills, corers, and rock abrasion tools [64] . Under shear conditions LiNbO 3 possesses relatively large piezoelectric (see d 15 in Table 1 ) and electromechanical coupling coefficients, a pre-requisite for efficient energy conversion, and a very applications [69] . Zhang et al. [70] have provided an excellent overview of piezoelectric sensor materials for high temperatures which provides potential new insights for high temperature vibration harvesting. While there is evidence of research on using piezoelectric materials for high temperature transducers, such as sensors, there is less work specifically on harvesting and the associated circuits and storage challenges under extreme conditions.
In summary, whilst piezoelectric transducers have been studied for many years both as sensors and actuators, it is only recently that significant attention has been devoted to their use as an energy source. Whilst the fundamental principles of piezoelectric coupling of electrical and mechanical energies are unchanged, there are many complexities associated with their application to energy production that have only recently been addressed.. As the technology develops new opportunities will arise for new materials, techniques and innovations. It is crucial that these are supported by strong scientific underpinning of the technology and reliable measurements. As the technology moves towards production scaleup and wider market penetration this knowledge will need to be transferred to industrial standards for device performance and reliability.
Optimisation for piezo--based harvesting
Energy harvesting devices are complex multi-physics systems requiring advanced methodologies to maximise their performance. Piezoelectric energy harvesting systems from the perspective of optimisation studies has primarily considered mechanical vibration to electrical energy conversion [71] [72] . Design optimisation for such systems comprises of a coupled consideration of three elements. The first is the dynamic response of structures, which is a mature field. The second is the electrical circuit to condition the voltage generated in which there has been active development [73] [74] [75] [76] [77] . The final element is the coupled electro-mechanics which represents the key step in energy harvesting and poses a challenging multi-physics problem to the optimisation community.
Some research has optimised material properties, e.g. optimisation of the microscopic crystallite configuration to maximise the electromechanical coupling in specific ferroelectric materials [78] . However, the majority of research has been taken a structural optimisation approach to piezoelectric energy harvesting systems. This section takes a closer look at these research efforts and the methods employed. included for the optimisation study and it was found that the optimum beam tapered down from the root then widened again near tip. Other researchers also found higher and more uniform strain areas could be achieved by a trapezoidal tapered beam along the span [81] and through-thickness [82] , thus increasing the specific output power per unit volume.
Similarly, Goldschmidtboeing and Woias [83] obtained an optimum configuration for a unimorph cantilever beam of planform geometry that was a triangle for a single excitation mode. Here, they defined the optimum performance metrics to be its efficiency characterised by the output power and the maximum tolerable amplitude, taking into account the stress homogeneity. Interestingly, they found the planform shape to have little impact on the overall efficiency but is highly sensitive to stress which, in turn, influences the tolerable vibration amplitude. This supports Wang's observation that under a static load the planform structure has little influence on the efficiency of the electrical energy conversion, but a trapezoidal cross-section enhances the output voltage [84] . In contrast to the linear energy harvester optimisation presented in this review, Betts et al. [40] optimised a nonlinear bistable piezocomposite energy harvester, described earlier in this review, using sequential quadratic programming. The design space was highly nonlinear and multimodal however, they were able to consistently find all local and global optima by employing multiple starting solutions [40] . As with the above studies, the dimensional parameters of the rectangular plate geometry were optimised to maximise the energy output characterised by the maximum strain. Due to the nonlinear nature of the bistable structure, the strain is large and the power output can be as much as an order of magnitude greater than a linear harvester with an added benefit of harvesting appreciable energy over a broad spectrum of excitation frequencies [85] .
The investigations of the shape of the structure for energy harvesting have so far been somewhat limited in that the majority of the literature either constructs a simplified analytical model or a reduced order model and then conducts the optimisation analytically or study a small set of geometries. Using linear elasticity, much of the understanding of the optimum energy harvesting performance relates to positioning the piezoelectric material in high strain areas and in these cases the lowest bending mode is usually most beneficial. As such work only considers quadrilateral and triangular geometries, the design space is inherently limited and the understanding of the optimum design and potential of energy harvesting are also limited. Park et al. [86] opened up the design space by applying shape optimisation to the beam planform. Since there was limited space in their application domain, they specify a maximum length of the cantilever beam and they allow an arbitrary width variation to maximise the output power, as shown in Figure 8 . The optimum solution is demonstrated to achieve 37% improvement compared with the rectangular planform of the same volume. [91] ; although their application domain was electromagnetic vibration energy harvesting, they applied a Self-Organisation Migrating Algorithm (SOMA) which mimics the behaviour of wild animal groups. For their numerical studies of multi-objective optimisation, SOMA was considered superior to GA although they are both able to find the optimum solutions. Gurav et al. studied the maximisation of the power output of MEMS based energy harvesters [92] . In order to address the challenges in manufacturing and control of material properties and microstructure, uncertainty-based design optimisation was applied to determine an optimum combination of geometric variables.
Returning to the starting point where the shape has a significant effect on an energy harvester, the approaches so far consider only a small number of geometrical variables and have explored a small design space, mainly studying well-defined geometries such as rectangles and trapezoids. In addition, the complex multi-physics dynamics of energy harvesting is not well understood and an "intuitive" design may not be an optimum. In order to explore a greater design space to include unintuitive designs, researchers have developed topology optimisation for linear energy harvesters. Topology optimisation is a class of structural optimisation that provides the most creative solution independent of the preconceived or initial design. As such it is gaining popularity in many different domains of physics [93] . Two categories of approaches have emerged over the past three decades. Topology optimisation has been applied to piezoelectric energy harvesting systems. The more common approach is an extension of SIMP where the key approach is to relax the binary design variables to a continuous variable between 0 and 1 (0 < x ≤ 1) then penalise the infeasible solutions where x {0,1} using a power law. Extending this to the piezoelectric problem, the power law is applied to stiffness, piezoelectric and dielectric parameters [97] . Researchers found that the choice of the three exponents can lead to different solutions or even non-convergence, thus they need to be carefully selected [98] [99]. The alternative level set method avoids the challenges associated with using the power law [100] and both the '31' and '33' operation modes, shown in Figure 3 , have been considered using this approach.
Chen et al. [100] applied the level set method to optimise a cylindrical energy harvester using two materials that operated in -33 mode, Figure 9 . Optimisation for multiple materials was achieved by a 'Reconciled Level Set' method [101] . Sun and Kim [102] also optimised two materials in a magneto-electro-elastic laminate composite. In their study the thickness of ∉ each material was optimised using a micro-mechanics based model under a static load.
They found that the SIMP-type material interpolation model was unable to converge to a solution with distinct phase states for this complex multi-physics problem. However, by far the more common configurations considered in the topology optimisation literature remain to be simple flat cantilevered beams and plates as in Figure 9 [103] optimised the electrical circuit parameters simultaneously with the general layout, Figure 10 . Their numerical studies showed that the simultaneous optimisation of both structural topology and circuit did not fundamentally change the topological designs, but did influence the optimal resistance of the circuit. Figure 2a , using the level set method [100] . Mechanical loads to be harvested are in the z-direction. Reprinted from [100] , with permission from Elsevier.
Figure 9: Optimum topology for piezoelectric (green) and metal (red) of a multi-material cylindrical energy harvester operating in -33 mode, as in
For energy harvesters designed for quasi-static applications or at an excitation frequency much lower than the resonance frequency, the optimisation objective tends to be to maximise the electromechanical coupling coefficient, k, since it represents an efficient conversion between mechanical and electrical energies [98] shapes are used as a substrate upon which a piezoelectric layer is deposited for energy harvesting. Curved devices may be required to accommodate design or configuration constraints. Alternatively, shape imperfections that occur during fabrication or service may lead to curved shapes. The base structure for this example is the same as the previous problems with a piezoelectric layer to substrate thickness ratio of h p /h s ¼ 0. Figure 12 . Through-thickness setup for a problem with a mass layer is the same as the flat plate problem but with a to-be-optimized layer of non-stiffening mass on the top. Optimal distribution of material in the (a) piezoelectric layer (red) and (b) mass layer (green). 
where φ = electrical potential, R = resistance.
(Eqn. 3)
Most dynamic optimisation studies considered a single frequency environment and the structural layout was optimised to "tune" its resonant modes to the excitation frequency. In a recent advance by Lin et al. [107] , they optimised a cantilevered beam energy harvester for broadband random vibration; see Figure 11 where black represents the material, 1, white is void, 0, and grey is an intermediate density between 0 and 1. When comparing solutions for objective functions (Eqn. 1) and (Eqn. 2) and indeed, for a broadband environment, it can be seen that their topological designs are fundamentally different. Thus, more research is needed in dynamics and particularly for broadband and random ambient vibration conditions.
Piezoelectric for light harvesting into chemical or electrical energy
The use of functional materials and specifically ferroelectric or multi-ferroic materials to convert light into chemical or electrical energy has generated broad interest in the last ten years. This follows from the initial research on semiconductor photocatalysis after the discovery that titania (TiO 2 ) photochemical electrodes could split water using ultraviolet light [109] . Since this work the photocatalytic oxidation of organic contaminants using TiO 2 -based semiconductors as a photocatalyst has been extensively investigated. This is due to the excellent photochemical stability, high-efficiency, low cost, and non-toxicity of such semiconductor materials. However, the photo-efficiency of TiO 2 is limited by its restricted absorption in the visible-light region. Only 4% of terrestrial radiation is suitable for the photoexcitation of TiO 2 [110] A significant benefit of TiO 2 is that it is photostable under illumination in aqueous environments. For photostability the band positions of the semiconductor must 'pinch' the oxidation-reduction (REDOX) couples of available reactants and products. If the photocatalyst does not do this then it may be liable to photocorrosion [111] . This is a well- 
Example 2
In the second example, a band of higher excitation frequencies is applied to the same piezoelectric bimorph generator as the previous example. The frequencies of external excitations are chosen from 1 800 Hz to 2 200 Hz. The iteration history of simultaneously optimizing location of mass layer and distribution of piezoelectric material is showed in Fig. 9 . The optimal results are showed in Figs. 10 and 11. In this example, the optimal location of mass layer shows a compromise between tuning the structure to the driving frequencies and changing the moment of the mass loading. A U-shape distribution of piezoelectric materials is generated, which is similar to part of the previous design in the same area. However, no piezoelectric material is placed at the free end. This is because the excitation frequencies are higher in this example and the optimized design should increase its natural frequency by moving piezoelectric materials to the support generate more electric energy. Fig. 12 . A ground acceleration excitation is applied to the piezoelectric bimorph generato with a band of excitation frequencies ranged from 10 Hz to 400 Hz. The optimal configuration of the piezoelectric mate rial and the optimal location of the mass layer are determined by using the present method. The iteration history of the ob jective function is shown in Fig. 13 . The optimal position known problem for many narrow band gap semiconductors such as cadmium telluride (CdTe).
In recent years there has been growing interest in the use of 'functional' photocatalysts such as those from the perovskite ABO 3 family such as ferroelectric barium titanate (BaTiO 3 ).
These materials demonstrate some unique catalytic properties that arise from the noncentrosymmetric nature of their crystal structure. In essence the internal electric field of a ferroelectric exhibits a spontaneous polarisation that acts like an internal p-n junction. We term this a 'self-junction' as carriers are influenced by the field within, and inherent to, the material. This, largely, determines the band bending at the interface and the surface where the mobile carriers can accumulate and to a large extent also determines both the photochemistry and the photovoltaic behaviour of the ferroelectric material.
It is typical for a semiconductor to experience movement of free carriers due to differences in local chemical potential that result in band bending when in contact with an ionic solution. In ferroelectric materials the depolarising fields screen the surface charge by drawing electrons to the positive C+ face and holes to the negative C-face [112] (Figure 12a) . A further contribution comes from screening due to the externally absorbed charged species. These regions of carrier accumulation induce bending at the surface causing downward bending at the C+ face and upward bending at the C-face. It has been shown that this band bending is sufficiently dominating that it determines the band bending irrespective of the chemical environment around the catalyst such as the solution or the dissolved species. This results in a spatially distinct REDOX chemistry [113] [114] . Reduction occurs at the C+ face due to electron accumulation and oxidation at the C-face [115] (Figure 12b ). The separation of carriers by the depolarisation fields also suppresses recombination rates thereby increasing carrier lifetimes. Evidence for this is provided by the long photo-luminescence of up to 9 µs in ferroelectric LiNbO 3 [116] .
These intriguing properties of ferroelectrics have led to growing interest in their photochemistry. Selective deposition of metal nano-particles has been extensively investigated [117] Ferroelectrics have also been used to drive photocatalytic reactions such as artificial photo synthesis [124] and water splitting [125] . An investigation of different compositions of BaTiO 3 to split water [126] showed the reactivity of the materials to increase with strength of polarization. Most perovskite based ferroelectrics rely on a Ti-O tetrahedra arrangement that is shared with TiO 2 and therefore have similar band gaps and band positions to TiO 2 . This means that these systems have a band gap that exceeds 3 eV and so much of the solar spectrum will not induce excited carriers. There are a number of exceptions to this but one material that has gained significant interest is BiFeO 3 as this material demonstrates multiferroic properties and has a band gap that ranges from 2.2 to 2.7 eV depending on synthetic method. Perovskite -type BiFeO 3 (BFO) materials have attracted much interest due to their multiferroic properties exhibited at room temperature [127] [128] . In particular, BFO thin films have been intensively investigated as novel materials for nonvolatile memory [129] and magnetoelectric switching [130] . In addition, there is increasing interest in these materials for photocatalytic processes under visible-light illumination [131] . There are reports in the literature that BFO can split water [132] and is an effective photocatalyst [133] but recently there is some doubt regarding the photostability [134] of BFO under illumination in an aqueous environment.
The low band gap and the generation of a 'self-junction' also make the production of photovoltaic devices [135] with a single material possible when using a material such as BFO. Devices of this nature have been demonstrated by a number of groups using multiferroic BFO sandwiched between two metal or degenerately conductive semiconductor electrodes. Since the initial discovery a number of groups have been studying these systems including those of Liang [136] and Ramesh [137] . In these cases the ferroelectric dipole of the BFO effectively separates the photoinduced electrons and holes to drive an external current in the circuit (Figure 12c ). The nature of BFO enables light from the visible part of the spectrum to be absorbed and the anomalous photovoltage [138] effect of a ferroelectric material enables a potential that exceeds the band gap to be generated. 
Pyroelectric based harvesting
The pyroelectric effect is an intriguing possibility for converting heat into electricity. Large amounts of waste heat are lost as a by-product of power, refrigeration, or heat pump cycles [139] and in 2009 half of the energy consumed in the United States was wasted in the form of low grade waste heat [140] .
While thermoelectric materials are able to generate electrical power from temperature gradients, pyroelectric materials produce power from temperature fluctuations [141] . The pyroelectric effect is exhibited by polar materials due to a temperature dependence of its electrical polarisation [2] and will be discussed in more detail later. Pyroelectric materials are of interest due to their high thermodynamic efficiency and, unlike thermoelectrics, they do not require bulky heat sinks to maintain a temperature gradient [142] . One of the technical challenges in pyroelectric harvesting systems is to develop methods to generate temperature oscillations to harvest power. Efforts to transform a temperature gradient into a time variable temperature include cyclic pumping [143] . The pumping power consumed can be a small fraction (<2%) of the harvested energy [143] [144] [145] , making the process feasible. Naturally occurring temperature changes to harvest are more rare but examples include changes in ambient temperature, the human body, exhaust gases and natural temperature variations caused by convection and solar energy [2] . An additional challenge is that the inherent large thermal mass of materials generally restricts pyroelectric harvesters to low frequency operation (<1Hz) [146] compared to vibration harvesters; although efforts to increase frequency will be described later.
Origin of the pyroelectric effect
Pyroelectric materials are polar and have a spontaneous polarization P s in the absence of an applied electric field, where P s is the average electric dipole moment per unit volume [147] .
The polarisation leads to a layer of bound charge on each flat surface of the material and free charges (ions or electrons) are attracted to the charged surfaces to form a layer of unbound charge. Pyroelectric behaviour originates from the polarization level being dependent on material temperature. For example, when the material is heated (dT/dt > 0) its polarisation level decreases as dipoles lose their orientation and the level of unbound charges on the material surface decreases [147] ; this results in an electric current and power generation. Similarly, as the pyroelectric is cooled (dT/dt < 0) the dipoles regain their orientation leading to an increase in the level of polarization, thus reversing the electric current flow. It is worth noting that due to the polar nature of pyroelectrics, they are also piezoelectric, although not all piezoelectrics are pyroelectric (see Figure 1) . In can also be seen in Figure 1 that ferroelectric materials are a sub-class of pyroelectric materials which have a spontaneous polarization which can be switched (e.g. P s to -P s ) by reversing the direction of the applied electric field. As can be seen in Table 1 , ferroelectric materials generally have both larger pyroelectric, and piezoelectric, coefficients than nonferroelectrics; however if a ferroelectric is heated beyond the Curie temperature (T Curie ) it undergoes a phase transition where the spontaneous polarization and both the pyroelectric and piezoelectric behaviour vanishes. While the loss of piezoelectric properties above the Curie temperature is a disadvantage for vibration harvesters, the phase transition at the Curie temperature has attracted some interest for pyroelectric harvesting since the material has the potential to discharge a large amount of electrical energy if the phase transition occurs under a high applied electric field [148] .
Eq. (4) describes the relationship between charge (Q), generated current (i p ), rate of temperature change (dT/dt), surface area of the element (A) and pyroelectric coefficient (p) [2] :
The pyroelectric coefficient is defined by,
where P s is spontaneous polarisation [149] . The ability of small changes in temperature to produce a pyroelectric current has been used for infrared imaging and motion detection [147] and this electric current can also be stored for energy harvesting applications. To maximise the current, clearly the pyroelectric material should have a large surface area and large pyroelectric coefficient with it also experiencing a high temperature change rate over time.
Interestingly, the generated current is independent of thickness since the current is associated with the unbound surface charge.
Direct pyroelectric power (resistive loading)
A simple approach to pyroelectric energy harvesting is to connect the material to a resistive electrical load and subject it to a temperature change. For example, pyroelectric cells fabricated using screen-printed PZT films and commercial polyvinylidene difluoride (PVDF) films were examined as potential pyroelectric power sources for autonomous sensors [149] .
Pyroelectric currents in the order of 10 −7 A and charges in the order of 10 −5 C were achieved for temperature changes from 300K to 360K in over 100 s, which agreed with a first order electrical model based on a current source and an output impedance [149] . Guyomar et al.
[150] developed a pyroelectric micro-generator comprised of PVDF films that produced 0.32mW for a 7K temperature amplitude at 0.2Hz. A synchronised switch harvesting on inductor (SSHI) was used to improve the effectiveness of energy conversion. Increased power could be produced by increasing the temperature amplitude, frequency and using a material with higher pyroelectric coefficients, such as lead magnesium niobate -lead titanate (PMN-PT) single crystals (see Table 1 ). Simply increasing amount of material to increase power is not straightforward since it also restricts the ability of the material to follow temperature variations unless it is in thin-film form; this concept relates to the design and manufacture of nano-scale harvesters which are described later. Xie et al. respectively. This work again indicated that large area and high pyroelectric coefficients are advantageous. While the power levels are low compared to vibration or thermoelectric harvesters one advantage of this approach is a large range of working temperatures is possible [143] . It is also possible to consider to harvesting natural temperature variations; for example Sebald et al. [143] measured the temperature fluctuations of a coat fabric as it moved from inside to outside conditions several times per day. Power peaks up to 0.2 mW cm −3 were predicted and a mean power of 1 µW cm −3 was determined within 24 h; again thinner structures than those considered can provide faster temperature variations.
Olsen cycle
In an effort to increase the power generated by pyroelectric harvesting, other approaches have been examined. The aim of the Olsen cycle is to subject the material to two isotherms and two constant electric field lines; this is an electrical analogue of the Ericsson heat engine cycle [151] . Figure 13 presents a typical Olsen cycle as an electric displacement versus electric field diagram (D-E diagram). The process can be considered as charging a capacitor to a high electric field at low temperature and then to discharge it by initially heating [152] and finally reducing the electrical field to further discharge it. These steps act to effectively reverse the direction of conventional polarisation-field hysteresis loops which convert electrical energy into heat [153] .
The area enclosed by the Olsen cycle (also termed Ericsson cycles) in Figure 13 is the electrical energy produced per unit volume of material per cycle. Process A-B consists of increasing the electric field from E LOW to E HIGH isothermally at a low temperature T COLD .
Process B-C corresponds to heating the material from temperature T COLD to T HOT under a constant electric field E HIGH . Process C-D consists of reducing the electric field from E HIGH to E LOW under isothermal conditions at T HOT . Finally, the cycle is closed by cooling the material to T COLD under constant electric field E LOW. Stirling cycles are also possible, however, it has been shown experimentally that Olsen produce more power than Stirling cycles [154] .
Successive dipping of a slab of pyroelectric material sandwiched between electrodes into fluid baths at T COLD at and T HOT at the specified electric fields E HIGH to E LOW provides a simple way to perform the Olsen cycle. temperature change and field change of 3.5kV mm -1 ; based on operating at a frequency of 2Hz with a 10°C temperature change a power level of 100mW cm -3 was considered feasible.
In addition to dipping experiments pistons have been used to drive a working fluid repeatedly between a heat source and cold heat exchanger [156] .
Figure 13:
Olsen cycle, adapted from [157] .
To generate high levels of power from the Olsen cycle the ability to apply large electric fields is advantageous, to maximise E HIGH in Figure 13 , and materials with a high dielectric strength are therefore desirable. While polycrystalline ceramics have a dielectric strength of 3-4 kV/mm, single crystals can withstand electric fields up to 12-14 kV/mm, and oriented thin films electric fields up to 60-80 kV/mm [158] . Polymer based PVDF materials are attractive materials because of their low cost, mechanical flexibility (compliance) and have been used at electric fields up to 120kV/mm [159] . Composite materials are also attracting interest [160] .
In addition to increasing the maximum applied field, it is also of interest to work near a phase transition where the polarization is strongly influenced by temperature variations [152] . This has been examined for a range of ferroelectric materials that exhibit phase transitions such ferroelectric-ferroelectric [158] and ferroelectric-to-paraelectric [152] . One disadvantage of this approach is that the working temperature range of the harvester is limited to the vicinity of the phase transition in terms of both electric field and temperature [144] , unlike the linear (resistive) pyroelectric approach. Recently, Mischenko et al. [161] observed a 'giant' electrocaloric effect (the converse of the pyroelectric effect) where there is a change in material temperature due to a change in the applied electric field under adiabatic conditions. This was observed in thin films of PbZr 0.95 T 0.05 O 3 with reported temperature variations of 12°C under electric fields of 30 kV/mm to 78 kV/mm at 220°C [161] . The electrocaloric effect of this material was said to be enhanced in the vicinity of a phase transition suggesting that the pyroelectric effect also increases near this transition and a potentially interesting material choice for harvesting applications.
Nanoscale pyroelectric systems
For pyroelectric harvesters the operating frequency of the device is often small (much less A simple approach to improve the rate of temperature change and increase the pyroelectric current is to reduce the thickness of the pyroelectric, such as using thin films of material.
Yang et al. [163] demonstrated a flexible hybrid energy cell for simultaneously harvesting thermal, mechanical, and solar energies. A ZnO based layer was used for harvesting solar energy while a PVDF-based pyroelectric and piezoelectric nanogenerator was built on its bottom surface for harvesting thermal and mechanical energies. A pyroelectric coefficient of ~44 µC/m 2 K was measured. Pyroelectric nanogenerators based on ZnO [164] , PZT [165] and lead-free KbNO 3 [166] nanowires and thin films have also been examined.
The size of the pyroelectric element has also been used in an attempt to tailor the phase transition temperatures in ferroelectric nanowire structures, enabling the development of systems with a tunable 'giant' pyroelectric response [167] . It was shown that it is possible to tune the pyroelectric coefficient by changing the nanowire radius and the nature of the surrounding media e.g. template material, gas or gel, since the ferroelectric-ambient interface determines the surface energy properties. While the efficiency of these nanoscale materials for heat power converters was predicted to be relatively low at room temperature it was noted that as the temperature decreased the efficiency tends to the maximal Carnot cycle efficiency, making it suitable for low temperatures, e.g. outer space applications.
Novel pyroelectric systems
This final pyroelectric section considers some non-conventional and interesting approaches to pyroelectric harvesting. Since all pyroelectric materials are piezoelectric (Figure 1 ) it is surprising there are limited detailed studies examining combined mechanical vibration and thermal harvesting. This has been considered by Yang et al. [163] for nanogenerators and
Erturun et al. [168] examined combined harvesting using a heating lamp directed at a vibrating beam. Both effects were initially investigated independently and then coupled. In some cases the combination of beam vibration with thermal cycling had a negative effect on scavenged energy and this indicates the potential complexities in such an approach unless the system is designed so that both piezoelectric and pyroelectric effects are used to constructively control the degree of unbound charge. Nevertheless the development of 'piezo-pyro-harvesters' potentially offers an interesting method of enhancing power.
Oak Ridge National Laboratory [169] have designed a MEMS based cantilever harvesting system based on a thermally cycled pyroelectric capacitor that acts as a bimorph. The cantilever is placed between two surfaces, one heated by waste heat and the other is a cooler heat sink surface ( Figure 14) . Proof masses are located at the tip of the bimorph cantilever to ensure good thermal contact to the hot and cold surfaces. When the bimorph is heated it deforms due to a thermal expansion mismatch between the cantilever layers and this leads to the proof mass contacting the cold surface, making the structure cool and deform in the reverse direction and eventually making contact to the hot surface. This repeated deformation ultimately leads to the cantilever alternately contacting the hot and cold surfaces at the resonant frequency of the cantilever to generate a pyroelectric current.
The MEMS approach employed to fabricate the device means that large arrays of devices (10 6 ) could be used to increase power and this interesting approach allows the device to potentially operate at high frequencies, up to 20Hz or higher [170] [171]. capacitor [170] . Permission granted from SPIE.
Another approach to increase operating frequency uses liquid-based switchable thermal interfaces to convert a spatial temperature gradient into temporal temperature oscillations [142] . In this work a plate containing a pyroelectric material is oscillated up and down between a high temperature source and a cold heat sink and repeatedly makes thermal contact to undergo temperature oscillations. In the thermally conducting state, the pyroelectric is pressed against the hot or cold surface using a linear actuator and liquid droplets at the interface deform to make them merge into a continuous thin liquid layer of low thermal resistance. In the non-thermally conducting state, the pyroelectric material is physically separated from the hot and cold surfaces and the liquid on the pyroelectric interface exists as discrete droplets. By creating a hydrophilic pattern of the surfaces the rupture distance was reduced, thus reducing the distance required and increasing the potential operating frequency. A device was demonstrated at frequencies of the order of 1Hz with a power density of 113 mW/cm 3 .
As discussed above a temperature change alters the degree of polarisation, leading to an electric current; this is termed the primary pyroelectric effect and is relevant to perfectly clamped materials under constant strain [147] . In many cases a secondary pyroelectric effect is present since thermal expansion induces a strain that alters the electric displacement via the piezoelectric effect. This secondary contribution can be significant contribution to the overall pyroelectric coefficient and data for a variety of data has been collected in an excellent review of pyroelectric and electrocaloric materials by Li et al. [172] .
Chang et al. [173] examined laminate structures with differing thermal expansion and stiffness characteristics to enhance the contribution of the secondary pyroelectric coefficient for energy harvesting. A laminate based PZT and stainless steel showed an improvement in pyroelectric coefficient of 88%. Maine et al. [2] observed that the pyroelectric energy harvested by pre-stressed PZT composites was 40% larger than with simple PZT ceramics.
Tertiary pyroelectricity is also possible since non-uniform heating generates non-uniform stresses that result in polarization through the piezoelectric effect [147] . The secondary and tertiary effects therefore have potential for enhanced energy harvesting.
Conclusions
Energy harvesting remains a topic of intense interest and this review provides a timely overview of the variety of energy harvesting mechanisms employed by piezoelectric and related materials. By far the most common application is mechanical energy harvesting using inertial energy harvesting and kinematic energy. Piezoelectric materials provide solid state conversion between electrical and mechanical energy and can be manufactured at small scales and integrated into micro-scale devices or even electronic circuits. There are a number of potential materials and device configurations and properties and loss mechanism need also be considered, along with the potential scale of the system (cm to nm). One of the main limitations of resonant based devices is that their power output decreases rapidly away from the resonant frequency and non-linearity can be introduced to enable more 'broadband'
harvesting. As vibration harvesting matures it is likely that they will need to be deployed in more hostile environments and candidate materials for such applications include high Curie temperature ferroelectric and wide-band gap materials such as GaN and AlN; although the associated circuits and storage challenges under extreme conditions must also be met.
The use of pyroelectric harvesting to generate electrical energy from temperature fluctuations is less well studied. Although the efficiencies can be high for some thermal and electric cycles the inherent low frequency of temperature fluctuations limits the amount of power that can be harvested. Resistive loading of the pyroelectric current is relatively simple and can operate in a range of operating environments. Approaches such a employing the Olsen cycle and phase changes can increase the power generated, but tend to require operation within specific temperature and electric field ranges. Operation of pyroelectric harvesters at the nano-scale may offer opportunities for operation at higher frequencies or the creation of materials with improved pyroelectric coefficients. Because pyroelectric materials are also piezoelectric, novel designs that use thermal fluctuations or gradients to generate to mechanical motion or addition of strain to enhance the secondary pyroelectric coefficients are also of interest. Surprisingly little work has attempted to combine both piezoelectric and pyroelectric based harvesting mechanisms.
Piezoelectrics are finding uses in other harvesting applications, such as ferroelectric or multiferroic materials to convert light into chemical or electrical energy. Specific areas of interest include photocatalysis and photovoltaic (light to electrical energy conversion) devices. These 'functional' photocatalysts that convert light to chemical energy possess unique catalytic properties due to their non-centrosymmetric crystal structure where the internal electric field of a ferroelectric exhibits a spontaneous polarisation that acts like an internal p-n junction.
Band bending at the interface and the surface where the mobile carriers accumulate can results in a spatially distinct REDOX chemistry. Reduction occurs at the C+ face due to electron accumulation and oxidation at the C-face. In photovoltaic applications (light to electrical energy conversion) the ferroelectric dipole can effectively separate the photoinduced electrons and holes to drive an external current in the circuit. Such mechanism offers intriguing possibility for light harvesting in future devices.
The electro-mechanical coupling in piezoelectric based devices and the complex dynamic response harvester devices means that optimisation of the harvesting device remains a complex task. In many cases simplified analytical models or reduced order models are used to optimise analytically or study a small set of geometries. A variety of approaches are however available to maximise performance in terms of efficiency or total power; this can include methods to optimise an 'initial' design or topology optimisation which has the potential to develop the creative solution independent of the preconceived or initial design.
To date most optimisation studies have concentrated on mechanical energy harvesting, although there is potential to apply these approaches to other systems, such as pyroelectric harvesting or even combined harvesting systems.
In summary, piezoelectrics, pyroelectrics and ferroelectric represent important materials for energy harvesting applications not any due to their efficiency, ease of use, scale, integration with electronics but also because of their versatility and the variety of modes that they can be deployed. In addition to new materials and greater understanding of their use in energy harvesting applications it is also crucial that the harvesting community is supported by strong scientific underpinning of the technology and reliable measurements.
